The endosymbiotic bacterium Wolbachia pipientis infects a wide range of arthropods, in which it induces a variety of reproductive phenotypes, including cytoplasmic incompatibility (CI), parthenogenesis, male killing, and reversal of genetic sex determination. The recent sequencing and annotation of the first Wolbachia genome revealed an unusually high number of genes encoding ankyrin domain (ANK) repeats. These ANK genes are likely to be important in mediating the Wolbachia-host interaction. In this work we determined the distribution and expression of the different ANK genes found in the sequenced Wolbachia wMel genome in nine Wolbachia strains that induce different phenotypic effects in their hosts. A comparison of the ANK genes of wMel and the non-CI-inducing wAu Wolbachia strain revealed significant differences between the strains. This was reflected in sequence variability in shared genes that could result in alterations in the encoded proteins, such as motif deletions, amino acid insertions, and in some cases disruptions due to insertion of transposable elements and premature stops. In addition, one wMel ANK gene, which is part of an operon, was absent in the wAu genome. These variations are likely to affect the affinity, function, and cellular location of the predicted proteins encoded by these genes.
The gram-negative obligate intracellular bacterium Wolbachia pipientis is extremely widespread, infecting 20 to 75% of all insect species (21, 59) , as well as other invertebrates, such as spiders, mites, terrestrial crustaceans, and filarial nematodes (7, 11, 31, 39, 51) . Wolbachia is maternally transmitted and can rapidly invade insect populations through the reproductive distortions that it generates in hosts. These include cytoplasmic incompatibility (CI), parthenogenesis, male killing, and reversal of genetic sex determination (33, 38, 47, 48) . CI is a type of embryonic lethality that in its simplest form results when Wolbachia-infected males mate with uninfected females. CI provides a reproductive advantage to infected hosts and as a result enhances the transmission of Wolbachia in host populations.
Despite considerable interest in Wolbachia as an agent that might promote insect speciation (5, 10) and as an applied tool for insect pest and disease control (4, 22, 45, 57) , little is known about the molecular mechanisms that mediate the various reproductive distortions that it generates. Interestingly, the recent sequencing and annotation of the first Wolbachia genome, that of the strain that naturally infects Drosophila melanogaster (wMel) (60) , revealed an unusually large number of genes that encode proteins containing ankyrin repeat (ANK) domains. While these domains are relatively common in both eukaryotic and viral proteins (42) and have been identified in more than 3,600 different proteins to date (29) , they are relatively rare in bacteria. The annotation of 23 ANK genes in the wMel genome (2% of the total number of genes) is very atypical compared to the genomes of related ␣-Proteobacteria, such as Rickettsia, Anaplasma, and Ehrlichia, whose genomes typically contain only one to three genes encoding ankyrin repeats (2, 12) . It has been proposed that the ANK genes in Wolbachia are likely to play a functional role in its unique biology (60) .
The ANK domain is typically a 33-residue L-shaped motif containing two antiparallel ␣-helices connected by a short loop. ANK domains mediate protein-protein interactions (29, 43) in diverse families of proteins, including cytoskeletal and membrane proteins, transcriptional and developmental regulators, toxins, and CDK (cyclin-dependent kinase) inhibitors (6, 27, 43) . Interestingly, the inhibition of CDK1 has been proposed as a possible mechanism explaining the CI phenotype induced by Wolbachia in Nasonia wasps (53, 54) . Moreover, in the related intracellular tick-borne pathogen Anaplasma phagocytophilum an ANK protein (AnkA) is secreted into the host cell, where it binds host chromatin, suggesting that it has a role in the regulation of host gene expression (12) .
Considering the potential importance of ANK motifs in mediating protein-protein interactions and their profusion in Wolbachia, we performed a comparative study to examine the distribution, transcription, and sequence variation of ANK genes from nine different Wolbachia strains (Table 1) . These strains all infect Drosophila and are capable of generating a range of different CI crossing types, and in some cases they are unable to cause CI (17) . The latter strains are known to be incapable of inducing CI in males but still retain the capacity to rescue CI in females (mod Ϫ /resc ϩ ) (8, 26) , or they are incapable of either inducing or rescuing CI (mod Ϫ /resc Ϫ ).
MATERIALS AND METHODS
Fly stocks and Wolbachia strains. The Wolbachia and Drosophila strains used in this work are listed in Table 1 . Wolbachia strains were selected on the basis of the extent to which they cause CI (strong, weak, or non-CI inducers) in their hosts and their modification/rescue phenotypes. Wolbachia infections were main-tained in fly stocks reared on standard corn flour-sugar-yeast medium at 25°C. Clearing of Wolbachia infections with tetracycline was performed as described elsewhere (18) . Dot blot analysis. DNA was extracted from D. melanogaster or Drosophila simulans female flies harboring the different Wolbachia strains (Table 1) . Flies were homogenized and extracted by using either the Holmes-Bonner protocol (20) or an STE extraction method (32) . DNA from tetracycline-treated D. melanogaster yw 67c23 (wMel-T) and D. simulans Riverside-DSR (wRi-T) flies was also extracted and used as negative controls. DNA was spotted onto Zeta-Probe nylon filters (Bio-Rad), cross-linked by UV irradiation, and hybridized at 65°C overnight in 0.5 M sodium phosphate buffer, pH 7.0, 7% sodium dodecyl sulfate, 1 mM EDTA. Following hybridization the membranes were washed under medium-stringency conditions at 65°C (15-min washes in 2ϫ SSC, 1ϫ SSC, and then 0.5ϫ SSC, all containing 0.1% sodium dodecyl sulfate [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate]). Autoradiography was performed with a PhosphorImager screen (Molecular Dynamics).
The probes for the 23 different ANK genes (see Fig. S1 in the supplemental material) were PCR amplified from Wolbachia wMel genomic DNA using specific primers (see Table S1 in the supplemental material). The Wolbachia surface protein gene wsp was amplified with primers 81F and 691R (9) and probed as a control for Wolbachia DNA. The PCR cycling conditions were as follows: 94°C for 3 min, followed by 94°C for 30 s, 50°C for 30 s, and 72°C for 3 min for 35 cycles and then 72°C for 10 min. The reaction mixture (final volume, 20 l) contained each primer at a concentration of 500 nM, each deoxynucleoside triphosphate at a concentration of 200 M, 1.5 mM MgCl 2 , 100 ng of wMel DNA, and 1 U of Taq polymerase (Promega). The reaction buffer contained 10 mM Tris (pH 9.0), 50 mM KCl, and 0.1% Triton X-100. PCR products were separated in 1% agarose gels, stained with ethidium bromide, and gel purified using gel extraction kits (QIAGEN). They were radioactively labeled with [␣-32 P]dATP (Amersham Pharmacia) using a Random Primed DNA labeling kit (Roche) and were cleaned prior to hybridization with a PCR purification kit (QIAGEN).
RT-PCR. Total RNA was extracted from Drosophila harboring the different Wolbachia strains using Trizol (Invitrogen), followed by chloroform extraction and isopropanol precipitation. The RNA preparation was treated with RNasefree RQ1 DNase (Promega), and first-strand cDNA was synthesized from 5 g of total RNA using reverse transcriptase (RT) (Superscript III; Invitrogen) and random primers (Promega) at 42°C for 60 min. The cDNA was treated with RNase H prior to the PCR. Negative controls to detect genomic DNA contamination were processed in the same way, except that no reverse transcriptase was added to the reaction mixture. cDNA synthesized using RNA from tetracyclinetreated Drosophila flies was used as a Wolbachia-free negative control. PCR amplification was performed as described previously using 1 l of cDNA as the template and the primers listed in Table S1 in the supplemental material. Each RT-PCR was repeated three times using independent RNA extracts and cDNA synthesis reactions. Negative controls showed no PCR amplification. In order to characterize expression of the WD0512-WD0513-WD0514 operon (see Fig. 2B ), the following primers spanning the intergenic regions were used: P1 (5Ј-CTAA TGCAAACCCATGAAACCCTGC-3Ј), P2 (5Ј-CCATTTATAATAGCTGGG GCTATGG-3Ј), P3 (5Ј-GAGAATTATCTTGATAGAGTTGTACC-3Ј), and P4 (5Ј-CGATATTGTTTTAGAGAAAACAAAGG-3Ј).
Characterization of the genomic region around WD0514 in the Wolbachia wAu strain. For sequencing of the genomic region flanking WD0514, DNA was extracted from the Wolbachia wAu strain, digested using either the EcoRI or SpeI restriction endonuclease (New England Biolabs), and ligated overnight at 12°C into pBluescript II SK (Stratagene). The ligation mixtures were diluted 1:20, and 1 l was used as a template for PCRs performed with various forward primers specific for several open reading frames (ORFs) adjacent to WD0514 and reverse primers specific for pBluescript, such as primer M13R (5Ј-CAGGA AACAGCTATGAC-3Ј) or T7 (5Ј-TAATACGACTCACTATAGGG-3Ј). The PCR conditions were the same as those described above for the RT-PCR analysis, except that Expand High Fidelity Taq polymerase (Roche) was used. PCR bands were cloned into the pGEM-T Easy vector (Promega) and sequenced with the T7 and M13R universal primers using an AB Big Dye terminator kit (version 3.1) with fluorescent sequencing and AmpliTaq DNA polymerase (PerkinElmer), and they were analyzed with an AB 3730xl-96 capillary sequencer. Sequencing was done at the Australian Genome Research Facility. Sequence similarity searches were performed using the BLAST algorithm (1) at the National Center for Biotechnology Information. Analysis and assembly of the sequences were done using the EditSeq, SeqMan, and MegAlign components of the Lasergene sequence analysis software package (DNAStar Inc., Madison, Wis.). The primers used to confirm the insertion size (see Fig. 3B ) were P5 (5Ј-GCA GCCATGCTCGGTAA-3Ј) and P6 (5Ј-ACTTTGGAGTTAAAACCGTA-3Ј). These primers are 28.25 kb apart in the wMel genome and anneal to single-copy genes (WD0505 and WD0523, respectively).
Sequencing of ANK genes in the Wolbachia wAu strain. ANK genes from the different Wolbachia strains were PCR amplified using specific primers (see Table  S1 in the supplemental material) based on the recently sequenced Wolbachia strain wMel genome (60) . The PCR parameters were basically those described above, except that Expand High Fidelity Taq polymerase (Roche) was used. Three or four independent PCRs were performed for each gene. Sequence manipulation and analysis were done as described above. The protein domains were identified by using SMART v3.5 (http://smart.embl-heidelberg.de/) (23, 42) . The partial sequences which we obtained for the WD0191 and WD0285 genes in wAu using the primers indicated in Table S1 are identical to the sequences of the genes in wMel.
Nucleotide sequence accession numbers. Partial sequences of the wAu genes that differ from their homologues in wMel have been deposited in the GenBank database under the following accession numbers: WD0035, AY971752; WD0073, AY971753; WD0147, AY971754; WD0286, AY971755; WD0291, AY971756; WD0292, AY649749; WD0294, AY649750; WD0385, AY664873; WD0438, AY971757; WD0441, AY971758; WD0498, AY836559; WD0550, AY649751; WD0566, AY971759; WD0596, AY971760; WD0633, AY672910; WD0636, AY649752; WD0637, AY971761; WD0754, AY836560; WD0766, AY649753; and WD1213, AY971762.
RESULTS

Distribution of ANK genes in different Wolbachia strains.
We determined the distribution of the 23 ANK genes found in the wMel Wolbachia genome in a variety of Wolbachia strains that have different effects in their hosts (Table 1) . We placed special emphasis on the comparison between the sequenced wMel strain, which causes CI in Drosophila, and the closely related wAu strain. The latter strain was initially found in Australia and America (17, 56) and is unable to cause CI in Drosophila. Probes for the 23 ANK genes (see Fig. S1 in the supplemental material) were PCR amplified, radioactively labeled, and hybridized to membranes containing DNA from a wide range of Wolbachia strains. We found that the distribution of the 23 wMel genes coding for ANK proteins varied significantly in the strains (Fig. 1) . A dot blot and PCR analysis was especially useful for revealing putatively absent genes. As expected, all the probes hybridized to wMel DNA and to DNA of the virulent wMelPop ("popcorn") strain, whose genome sequence is very similar to that of wMel (49) . Only 2 of the 23 ANK genes (WD0441 and WD0498) weakly hybridized (data not shown) to DNA extracted from the tetracycline-treated flies (wMel-T and wRi-T), which were used as negative controls. This was most likely the result of nonspecific hybridization, as DNA from these flies was negative (as determined both by PCR and by hybridization) for the characteristic Wolbachia wsp gene ( Fig. 2A, bottom panel) . In this work we used four wAu strains (mod Ϫ /resc Ϫ ) obtained from different fly stocks (Table 1) (Table 1) were identical, and they are grouped for clarity. The most interesting results are enclosed in boxes. The phylogenetic tree on the left is a cladogram based on the Wolbachia surface protein gene (wsp) sequences of strains wMel (GenBank accession number AF020072), wMelPop (AF338346), wMelCS (AF020065), wCer2 (AF418557), wAu (AF020067), wRi (AF20070), wHa (AF020068), wNo (AF020074), and wMau (AF020069); this cladogram was constructed by the unweighted-pair group method using average linkages. The four wAu strains used in this study have identical wsp sequences. Sequences were aligned using Clustal X (52), and the phylogenetic tree was constructed using PAUP (50 ). In addition, a group of phage-associated ANK-containing genes (WD0285, WD0291, WD0292, and WD0294) were absent from wRi ( Fig. 1) , most likely reflecting differences in prophage insertions between strains. The wHa Wolbachia strain, a more distant relative of the wMel strain, as shown in the cladogram in Fig. 1 , was negative for 7 of the 23 ANK genes. Most ANK genes were not detected in group B Wolbachia, probably due to high levels of sequence divergence between strains since BLAST analysis of the unfinished Wolbachia genome of Culex (www.sanger.ac.uk) and the recently completed Wolbachia genome of Brugia (14) revealed a number of genes with similarity to the wMel ANK genes. Comparison of the mod Ϫ /resc ϩ strain wMau with the very closely related mod ϩ / resc ϩ strain wNo revealed the absence of WD0286 and WD0596 in wMau (Fig. 1) .
ANK gene WD0514 is part of an operon that is present in all mod
؉ members of the wMel clade and absent in all mod ؊ wAu strains. Since the WD0514 gene was present only in strains belonging to the wMel clade, which were capable of generating the wMel CI crossing type, we examined the possibility that this was the result of recent introduction into this clade. Both dot blot analysis ( Fig. 2A) and PCR analysis (data not shown) of the chromosomal region around this gene showed that the upstream ORFs WD0512 and WD0513 were absent in all strains that lacked WD0514, including wAu, and were present only in wMel, wMelCS, and wMelPop. RT-PCR using primers spanning the junction between these three ORFs demonstrated that these three genes, which have little or no intergenic space between them, are transcribed as a single transcriptional unit in Wolbachia strains wMel and wMelPop (Fig.  2B) , whereas there is no expression of the operon or WD0514 in wAu (Fig. 2C) .
To determine the extent of the presumed insertion around the WD0512-WD0513-WD0514 operon in wMel strains, wAu genomic DNA was digested with either EcoRI or SpeI endonuclease, ligated into pBluescript, and used for chromosome walking by PCR performed with primers in the vector and in various single-copy genes contiguous to these ORFs. After sequencing and assembling the resulting PCR products, we identified a difference of 21.86 kb between the wMel genome and the wAu strain genome (Fig. 3A) . This result was confirmed by PCR amplification of the sequence between the single-copy WD0505 and WD0523 genes that flank this region. The distance between the PCR primers (P5 and P6) (Fig. 3A) (Fig. 3B) , indicating a larger, 23.77-kb difference (positions 486531 to 510304) compared to the wMel genome. The additional chromosomal section in wMel contains a series of genes (Fig. 3C) Thirteen of the 22 genes had minor sequence variations (98 to 100% identity; see Materials and Methods for accession numbers). Among the rest, WD0292 encodes a protein containing a 4-amino-acid insertion in wAu (accession no. AY649749) compared to the wMel protein, whereas the protein encoded by WD0633 (accession no. AY672910) in wAu has small insertions and deletions of amino acids (two insertions and three deletions). Notably, seven ANK genes in wAu encode proteins with important differences (Fig. 4 ) compared with their wMel homologues, including variations in the number of ANK repeats, ORF disruption by transposable element insertions, premature stops, and fusion to an adjacent ORF, that were initially annotated as separated genes in the wMel genome. As a result of a 66-amino-acid deletion affecting repeats 4 and 5, the phage-associated WD0294 protein (accession no. AY649750) has seven ANK repeats in wAu compared with nine ANK repeats in wMel. WD0550 (accession no. AY649751) contains two extra ANK repeats (coding 66 extra amino acids) in wAu, whereas WD0766 (accession no. AY649753) contains three extra ANK repeats as a result of two insertions coding for 66 and 58 amino acids. In this case the precise ANK motifs that are deleted are unclear, although it appears that domains 2, 3, and 6 from wAu are absent in wMel (Fig. 4) . Most importantly, in the wAu strain this gene contains a premature stop that eliminates the two transmembrane domains at the C terminus (Fig. 4) of the protein.
We also found that some ANK genes are larger in wAu than in wMel, as a result of mutations in the sequences that eliminate the stop codons that separate them from the next gene.
On the one hand, WD0498 and WD0499 were initially annotated as separated ORFs in the wMel genome (60), but we found no stop codon between them in the wAu strains. The ANK protein encoded by WD0498 is therefore larger in wAu (accession no. AY836559) and contains an extra ANK repeat, previously unidentified in the annotation of the wMel genome, as a result of its fusion with WD0499 (Fig. 4) . WD0499 is, however, shorter in wAu as a result of a premature stop codon. It seems clear that the mutation of a CAA codon into a TAA stop codon that results in the removal of one ANK repeat in the protein occurred in the wMel lineage, since this stop codon also appears in wMelCS and wMelPop (sequences identical to wMel) but not in wAu (accession no. AY836559), wCer2, or wRi (accession no. AY971763; wCer2 sequence similar to the wRi sequence). Similarly, we also found that the stop codon that separates the ANK gene WD0754 from the hypothetical gene WD0753 is present only in wMel, wMelCS, and wMelPop (similar sequences). In wAu (accession no. AY836560) and wCer2 (same sequence) a change from TAA to TCA results in fusion of the two genes as a single coding sequence. In this case, the addition of WD0753 to WD0754 does not modify the number of ANK repeats in the encoded wAu protein, but it does add an extra two transmembrane domains, as determined by TMHMM (Fig. 4) . Gene junctions between other ANK genes that appear to be immediately adjacent to their flanking genes were also sequenced in various strains, but no other mutations in stop codons were found.
In addition to variation in the number of ANK domains, some ANK genes in the wAu Wolbachia strain contain major disruptions. The WO phage-associated ANK gene WD0636 (accession no. AY649752) carries a point mutation that introduces a premature stop codon into this gene in all the mod Ϫ / resc Ϫ wAu strains examined. This mutation is predicted to result in the production of a truncated WD0636 protein that lacks one ANK motif at the carboxy terminus and could affect its function. This premature stop was not found in other Wolbachia strains, such as wMelPop and wMelCS (data not shown). The phage-associated ANK gene WD0385 from wAu (accession no. AY664873) was found to contain a full-length 919-bp IS5 insertion element disrupting the ORF at nucleotide position 769, in the middle of the seventh ANK motif (Fig. 4) . IS5 elements are very common in wMel, and there are 13 identical copies in the chromosome (60). They contain two ORFs for transposases and are flanked by terminal inverted repeats (TIRs). Interestingly, whereas all 13 IS5 elements in the wMel genome have asymmetrical TIRs containing one mismatch, the IS5 element inserted into WD0385 in wAu is flanked by identical TIRs (5Ј-AGAGGTTGTCCGGAAACA AGTAAA-3Ј). The orfA gene in this wAu IS5 element encodes a transposase with four amino acid differences compared with the wMel OrfA.
ANK gene expression. The expression of the 23 ANK genes from wMel was determined by RT-PCR by using RNA isolated from the wMel, wMelPop, and wAu Wolbachia strains. Two RT-PCR examples are shown in Fig. 5A . RT-PCRs showed that most ANK genes are actively expressed in these strains; the only exceptions are WD0514 (Fig. 2C) , which is missing in the wAu chromosome (Fig. 1) , and WD0385, which is only partially transcribed in wAu (Fig. 5B) . When we used RT-PCR primers spanning the junction across the insertion element, we found expression of the WD0385 cDNA upstream of the IS5 insertion element (primers P7 [5Ј-GCAGAAGATGAAGAG GGAAAC-3Ј] and P8 [GAGTTCGTATGTCTTGAGTAG]) but not across the insertion point (primers P7 and P9 [5Ј-AA GGGAATGGTCAAGAATAG-3Ј]). Early termination of the transcript is probably caused by the TIRs that flank IS5 and that could act as a transcriptional terminator element by forming a 24-bp hairpin, as determined using secondary RNA prediction programs (http://www.genebee.msu.su). The formation of this hairpin is facilitated by the fact that the TIRs that flank 
DISCUSSION
The sequencing of the Wolbachia genome has revealed a surprisingly high number of genes coding for ANK repeats. The fact that these motifs are typically involved in proteinprotein interactions makes the proteins very attractive candidates for molecules that are involved in the molecular communication that takes place between Wolbachia and the host cell, a process that has not been characterized yet. Analysis of the 23 wMel ANK genes in other group A and B Wolbachia strains revealed significant variation between strains. Obviously, the possibility that novel ANK genes not present in the wMel sequence are present in other strains cannot be excluded. In fact, Salzberg et al. (41) recently assembled a nearly complete Wolbachia genome from D. simulans that contains seven new ANK genes not found in the wMel genome.
Strains that are capable of both inducing the CI modification in Drosophila sperm and rescuing this modification in Drosophila eggs during fertilization are known as mod ϩ /resc ϩ strains and include wMel, wMelCS, and wMelPop (58) . In contrast, wAu strains, while very closely related, have been shown to be incapable of either modifying host sperm or rescuing the modification of related strains and are designated mod Ϫ /resc Ϫ strains. The wMel, wMelCS, and wMelPop strains and various wAu Wolbachia strains were compared to examine differences in either the distribution, expression, or sequence of ANK genes that might correlate with the phenotypic differences known to occur in these strains. The first obvious difference observed between strains is the absence of the ankyrin domain gene WD0514 in all wAu strains (Fig. 1) . When the region surrounding WD0514 was examined in more detail, we found that this gene is part of an operon together with the WD0512 and WD0513 genes. Moreover, the operon was found to be part of a 21.86-kb insertion in the wMel clade that contains 13 ORFs (Fig. 3) . Considering that the WD0512-WD0513-WD0514 operon is found only in the wMel clade strains examined in this study, the most parsimonious explanation for the presence of this cluster of genes is an initial insertion of a reverse transcriptase in wAu (Fig. 3A) , followed by insertion of the 21.86-kb element in the wMel-wMelCS-wMelPop lineage. This event would have been combined with duplication of the reverse transcriptase in wMel (Fig. 3A) to give the reverse transcriptase genes WD0506 and WD0518. Due to sequence divergence, we could not characterize by PCR this region in other Wolbachia strains that also lack the operon, although we found that the region is slightly different in wAu and wCer2. It is noteworthy that the GϩC content of these 13 genes (35.7%) is similar to the average GϩC content (35.2%) of the Wolbachia wMel genome (60) , suggesting that the genes either were laterally transferred into the wMel lineage from a donor with a similar GϩC content or, more probably, were present in the Wolbachia lineage for a considerable amount of time. In fact, the codon usage index in WD0506 to WD0518 is similar to the overall codon usage in the Wolbachia wMel genome (http:// www.evolvingcode.net/codon) (44) , and this supports the finding that most of the variation in codon bias in the Wolbachia genome can be traced to variation in G and C (60) . When genes in this region, other than those associated with mobile genetic elements, are compared to the genomes of the related bacteria Ehrlichia, Anaplasma, and Rickettsia, only the operon containing WD0512-WD0513-WD0514 is unique to the Wolbachia lineage and exhibits no significant similarity to any genes in the GenBank database beyond the presence of the conserved ANK domains in WD0514 and a coiled coil section between amino acids 1 and 150. Considering that only Wolbachia is capable of inducing reproductive incompatibilities in its arthropod hosts and the other related genera are not, it could be expected that Wolbachia genes associated with these phenomena would be found only in the Wolbachia lineage. The sequencing of ANK genes in Wolbachia strains wMel and wAu that infect Drosophila and cause different phenotypes has revealed considerable variation between the strains in 10 of the 23 ANK genes. This variation was unexpected given how closely related the wMel and wAu strains are (see the cladogram in Fig. 1 ) and the inability to readily discriminate between them with other molecular markers at the time that (Fig. 4) of the protein in wMel. Consequently, this sequence variation could modify the affinity and function of the protein not only by affecting the number and location of ANK domains but also by changing the anchoring of the protein in the membrane and therefore its cellular localization in wAu compared with wMel.
The opposite takes place with the protein resulting from the fusion between WD0754 and WD0753, which adds transmembrane domains to the encoded protein in the non-CI-inducing strain wAu. The separation of WD0754 and WD0753 is probably the result of a point mutation in the wMel clade that resulted in the removal of the transmembrane domains from the original ANK protein, with possible subsequent changes affecting its cellular location and folding. Apart from these genes, a number of other genes, including WD0292, WD0294, WD0498, WD0550, and WD0633, display sequence variability between the wAu and wMel strains that in some cases results in insertions and deletions of entire ANK motifs in the encoded proteins. Variability of the structure of these proteins and the number of interacting domains might also be associated with phenotypic differences between these strains. The genetic differences between phage-related ANK genes, such as WD0294, WD0633, and WD0636, seem to have occurred after the phage was inserted into the Wolbachia chromosome, and it is improbable that they represent insertion of phages containing different ANK proteins. At least for the P2-like prophage element designated wMelWO-B that contains the WD0633 and WD0636 genes, major rearrangements and translocations have taken place, suggesting that this element is inactive (60) . WD0294 is in the wMelWO-A region that represents a separate insertion in the Wolbachia lineage.
Changes in the modular architecture of multiple domain proteins have been shown to affect the folding, function, and specificity of these proteins (30) . The reproductive distortions caused by different Wolbachia strains in their hosts could be finely tuned by variations in ANK protein architecture that could affect the stability, specificity, and binding properties of Wolbachia's ANK proteins. The variability of phenotypes induced by different Wolbachia strains in their hosts is unlikely to be caused by the presence or absence of a "CI gene(s)," a "parthenogenetic gene(s)," or a "male-killing gene(s)," but it is likely to be caused by variation in the binding and affinity properties of the protein(s) responsible. It has recently been shown that deletion of terminal repeats (from the N or C terminus) in ANK proteins can be tolerated to various extents (55) . For example, deletion of terminal repeats in the human ANK protein p16
INK4a (a CDK inhibitor and tumor suppressor) decreases its unfolding energy, but the internal repeats maintain their structure (61) , whereas in the Drosophila Notch protein the effects vary depending on the repeats deleted (63) . Therefore, changes in stability produced by modification of internal ANK repeats suggest that there is an evolutionary mechanism by which internal deletions minimize the loss of stability and additions or losses at the protein termini are selected.
Because of their modular structure, ANK proteins seem to be highly tolerant to insertions and deletions that affect entire repeats (55) , in contrast to changes in the sequences of globular proteins, which are likely to damage the tertiary structure of entire domains (40) . Protein repeat variability generally arises from recombination events, intragenic duplication, and deletions (3). It is clear that recombination mechanisms play an important role in shaping Wolbachia's genome (60) , and changes in the ANK repeat protein structure through recombination of ANK genes could be a powerful driving force in the evolutionary history of Wolbachia by generating novel proteins with possible diverse functions through relatively simple mechanisms (55) .
The stability of the variable ANK proteins found in different Wolbachia strains, their secretion and interaction in Drosophila, and the role that these proteins might have in (i) mediating the establishment of symbiotic associations, (ii) addressing the molecular communication between symbionts and the host cells in which they reside, and (iii) inducing or modulating the reproductive distortions induced by Wolbachia remain to be addressed. Unfortunately, functional assignment of Wolbachia's ANK genes cannot be done at present, as no genetic transformation technologies are currently available for this fastidious endosymbiont.
In summary, analysis of the unusually abundant ANK genes in the genome of Wolbachia across a number of phenotypically divergent strains has revealed considerable sequence variation in closely related bacterial strains. Correlations with phenotypes in the Drosophila host revealed a number of genes that are potential candidates for genes that are associated with the reproductive distortions generated by Wolbachia. The variation which we found in the distribution, expression, sequence, ANK domain architecture, and location, as well as the gain or loss of transmembrane domains in almost one-half of the ANK proteins in comparisons of strains that cause CI and strains that are unable to cause CI, are all factors that may affect the specificity, stability, affinity, and, consequently, function of these proteins.
